Aging is associated with mitochondrial dysfunction, which leads to a decline in cellular function and the development of age-related diseases. Reduced skeletal muscle mass with aging appears to promote a decrease in mitochondrial quality and quantity. Moreover, mitochondrial dysfunction adversely affects the quality and quantity of skeletal muscle. During aging, physical exercise can cause beneficial adaptations to cellular energy metabolism in skeletal muscle, including alterations to mitochondrial content, protein, and biogenesis.
Introduction
Aging is associated with decreased skeletal muscle function and mitochondrial function, leading to a 25-30% reduction in functional capacity between ages 30 years and 70. 1 This phenomenon can lead to decreased physical activity and can increase the risk of falls in aged individuals. 2 Therefore, it is important to understand the mechanisms underlying aginginduced skeletal muscle atrophy in order to develop suitable therapeutic targets to promote health and mobility in the 633-165, Bokji-ro 75, Busan jin-gu, Busan, 47392, Republic of Korea. E-mail address: phyhanj@inje.ac.kr (J. Han).
elderly. 3 While many possible strategies have been suggested, the best target for the maintenance and improvement of cellular functions in aging is the mitochondria. 4 Mitochondria function as powerhouses of biological tissues to generate energy. 5, 6 Mitochondrial dysfunction in response to deterioration of skeletal muscle with aging alters the structure and function of organelles (Fig. 1) . 7 Although studies have described age-related mitochondrial dysfunction in skeletal muscle, the relationships among aging, exercise type, and healthy mitochondria have not been clearly elucidated. muscle following physical activity is an important aspect affecting the contributions of mitochondria to the aging processes in skeletal muscle.
Exercise training modulates skeletal muscle metabolism by controlling intracellular signaling pathways that mediate mitochondrial homeostasis. 8, 9 In order to reduce or prevent skeletal muscle weakness that occurs with aging, it is necessary to understand exercise-mediated mitochondrial adaptations, in skeletal muscle in particular. These regulate mitochondrial activities and coordinate mitochondrial signaling pathways. Moreover, the potential therapeutic benefits of exercise training are likely to be associated with the suppression of aging-related mitochondrial dysfunction.
In this review, we briefly introduce the role of exercise on the modulation of aging-driven mitochondrial dysfunction in skeletal muscle.
Mitochondrial metabolism
Adenosine triphosphate (ATP) is an important promoter of cell differentiation, growth, and reproduction, supplying energy for the contraction of muscles for physical activity. 10, 11 Mitochondria are master sensors of metabolic and cellular processes and function to regulate energy (ATP) production through several enzymatic pathways, including the tricarboxylic acid cycle, oxidative phosphorylation, and fatty acid ␤-oxidation. The tricarboxylic acid cycle oxidizes acetyl-CoA to produce nicotinamide adenine dinucleotide and flavin adenine dinucleotide, which can be used by the oxidative phosphorylation system to generate ATP. 12 
Age-related changes in the mitochondria in skeletal muscle
During aging, there are significant changes in mitochondrial ultrastructure and subcellular localization in skeletal muscle. The mitochondria of aged skeletal muscle appear enlarged and more rounded in shape, with matrix vacuolization and shorter cristae when compared with mitochondria from young skeletal muscle. Moreover, mitochondrial dysfunction is thought to be closely related to the loss of skeletal muscle mass during aging. 13 Many studies have reported that a decline in organelle numbers such as loss of mitochondria content may induce loss of skeletal muscle. For example, reduced enzymatic activities (e.g., citrate synthase and cytochrome oxidase activities), 14 protein markers, and mitochondrial DNA (mtDNA) content combined with electron micrographic evidence of decreased intermyofibrillar mitochondrial size and reduced thickness of the subsarcolemmar mitochondrial layer are easily observed in mitochondria from aged muscle. This results in impairment of mitochondrial metabolism, including the maximal ATP production rate, mitochondrial protein synthesis, and respiration, partly as a result of increased uncoupling of oxygen consumption and ATP synthesis. 4 However, increased physical activity has been shown to be associated with a decrease in age-related deficits in mitochondrial function. 15 Therefore, increased physical activity is important to maintain mitochondrial function in aging skeletal muscle.
Mitochondrial biogenesis
Cellular senescence contributes to aging-related disorders and reduces mitochondrial biogenesis, which drives homeostasis. 16 Dysregulation of mitochondrial biogenesis has been shown to reduce the risk of decreased organ function associated with aging. 17 Mitochondrial biogenesis plays a role in transcriptional regulation by mediating regulatory factors such as peroxisome proliferator-activated receptor-g coactivator 1␣, and downstream transcription factors such as nuclear respiratory factors 1 and 2 and mitochondrial transcription factor A. 18, 19 Enhancement of mitochondrial biogenesis can be achieved not only through pharmacological intervention, 20 but also through exercise; therefore, exercise may inhibit mitochondrial dysfunction and thereby ameliorate age-related complications. In 1967, John Holloszy 21 first reported that exercise training improves mitochondrial biogenesis in aging skeletal muscle. Indeed, endurance treadmill exercise enhances mitochondrial protein and enzymes in skeletal muscle. Thus, from a practical standpoint, modulation of mitochondrial biogenesis capacity during aging may be applicable as an alternative method for lessening age-related complications (Fig. 2) .
Mitochondrial reactive oxygen species generation
In skeletal muscle, increased exposure or modulation of mitochondrial reactive oxygen species (ROS) with aging reflects fundamental changes in redox signaling. 22 Skeletal muscle shows a significant age-related increase in oxidative damage. Thus, aged skeletal muscle is vulnerable to oxidative damage to DNA, lipids, and proteins. 23 Recently, some scientists have emphasized the importance of mitochondrial ROS in skeletal muscle, demonstrating that excessive production of mitochondrial ROS is strongly associated with sarcopenia and the impairment of mitochondrial energy metabolism. 24 Accumulation of ROS derived from the electron transport chain in aging results in mutations in mitochondrial DNA. 25 To prevent age-related decline in skeletal muscle, some studies have focused on targeting the mitochondria. It is widely suggested that exercise training may reduce mitochondrial ROS because exercise can increase the antioxidant capacity in muscles. 26, 27 3.3.
Mitochondrial protein degradation
Imbalanced redox status, cell death, and reduced mtDNA integrity have been shown to lead to mitochondrial degradation during muscle aging. 28 Damaged mitochondria can be removed by the autophagy-lysosome and ubiquitin-proteasome pathways (Fig. 3) . 29 The accumulation of ROS in mitochondria can trigger mitophagy through the autophagy-lysosome pathway, resulting in removal of damaged mitochondria. 30 The overexpression of mitophagyrelated proteins including ATG5, ATG7, and LC3B, which are major components of the autophagy system, can facilitate the reduction of ROS-induced damage in cell culture. 31 However, it is unclear whether exercise training can influence the autophagic and mitophagic systems. Further studies are needed to elucidate the beneficial effects of exercise on mitochondrial degradation in aged skeletal muscle.
Exercise-mediated changes in mitochondria metabolism during aging
Exercise can stimulate the restoration of mitochondrial metabolism during aging and is recommended as an alternative approach to maintain mitochondrial content and capacity. 4 Indeed, many scientists have suggested that exercise may prevent mitochondrial dysfunction in aging skeletal muscle. 32, 33 Since the pioneering work by Holloszy 21 many studies have demonstrated that exercise can improve mitochondrial biogenesis and increase the energy demands of active cells.
Aerobic training, a representative strategy for stimulating oxidative capacity, 34 has resulted in increased mitochondrial enzyme activity in human and animal models. 35 Twelve weeks of treadmill training (speed 17.5 m/min, 10% grade, 45 min/d, 5 d/wk) augmented the synthesis of mitochondrial protein, including mitochondrial transcription factor A, cytochrome c, and mtDNA contents. 36 Whole body exercise, with running at 60% of the maximal O 2 uptake, improved mitochondrial protein quality control and biogenesis. 37 Another study demonstrated that training at 80% peak O 2 uptake effectively stimulated mitochondrial function, as evident by the increased mitochondrial enzyme activities and ATP production. 38 These results suggest that enhancement of mitochondrial function is accompanied by mitochondrial biogenesis, including an increase in transcript levels of nuclear and mitochondrial genes, mitochondrial abundance, and mitochondrial transcription factor A. Moreover, the increased mitochondrial mass, 39 protein synthesis, 40 mitochondrial gene transcripts, 41 and mitochondrial DNA copy number, 42 are also suggestive of a link between mitochondrial function and exercise training.
It has been suggested that mtDNA mutations and their accumulation act as causative factors in the aging process. 43, 44 It was recently found that endurance exercise could induce the translocation of tumor suppressor protein p53 to the mitochondria, stimulating the repair of mtDNA mutations, independent of mitochondrial polymerase gamma (a major mtDNA repair enzyme), and allow for mitochondrial biogenesis. 45 Although it is generally accepted that exercise helps increase life expectancy and reduce the risk of chronic diseases, few studies have directly investigated whether exercise-induced mitochondrial adaptations can be reproduced using the same exercise training program in aged individuals. Based on several published studies, mitochondrial metabolism appears to be enhanced after 12-16 weeks of exercise training, independent of age, suggesting that older individuals (< 80 years of age) may adapt favorably to exercise training. 4, 33 However, the precise exposure of exercise programs (i.e., aerobic vs. resistance vs. concurrent training) on mitochondrial and skeletal muscle function (ex vivo or in vivo) has yet to be determined and further studies are required to investigate these topics in aged individuals.
Concluding remarks
In the present review, we discussed age-related reductions in mitochondrial functions in skeletal muscle. Impairment of mitochondrial function can be ameliorated by exercise. However, additional studies are required to determine the influence of exercise training regimens (e.g., aerobic and resistance training), the effects of different muscle-loading paradigms (e.g., volume, workload, intensity, and duration), and the characteristics of older subjects (e.g., lifestyle factors, comorbidities) that may contribute to the success of a specific training program. Although many studies have suggested that the beneficial effects of exercise may be connected to stimulation of mitochondrial function, even in aging, more convincing findings and elucidation of the underlying mechanisms related to exercise-mediated control of mitochondrial homeostasis are urgently needed to increase the quality of life of elderly individuals and help such individuals to maintain a healthy lifestyle during aging.
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